Background: Overactive TRPV4 mutants cause human diseases, such as skeletal dysplasias. Results: We identified C-terminal residues 838 -857 to be critical for folding and surface expression, thus contributing to the regulation of channel activity. Conclusion: Channels lacking the segment remain misfolded and are subjected to degradation via an ERAD-dependent pathway. Significance: Targeting the folding recognition domain presents attractive therapeutic potential for overactive TRPV4-mediated pathology.
The Ca 2؉ -permeable transient receptor potential vanilloid subtype 4 (TRPV4) channel mediates crucial physiological functions, such as calcium signaling, temperature sensing, and maintaining cell volume and energy homeostasis. Noticeably, most disease-causing genetic mutations are concentrated in the cytoplasmic domains. In the present study, we focused on the role of the TRPV4 C terminus in modulating protein folding, trafficking, and activity. By examining a series of C-terminal deletions, we identified a 20-amino acid distal region covering residues 838 -857 that is critical for channel folding, maturation, and trafficking. Surface biotinylation, confocal imaging, and fluorescence-based calcium influx assay demonstrated that mutant proteins missing this region were trapped in the endoplasmic reticulum and unglycosylated, leading to accelerated degradation and loss of channel activity. Rosetta de novo structural modeling indicated that residues 838 -857 assume a defined conformation, with Gly 849 and Pro 851 located at critical positions. Patch clamp recordings confirmed that lowering the temperature from 37 to 30°C rescued channel activity of folding-defective mutants. Moreover, biochemical tests demonstrated that, in addition to participating in C-C interaction, the C terminus also interacts with the N terminus. Taken together, our findings indicate that the C-terminal region of TRPV4 is critical for channel protein folding and maturation, and the short distal segment plays an essential role in this process. Therefore, selectively disrupting the folding-sensitive region may present therapeutic potential for treating overactive TRPV4-mediated diseases, such as pain and skeletal dysplasias.
TRPV4 (transient receptor potential vanilloid subtype 4) is a Ca
2ϩ -permeable, non-selective cation channel that plays a critical role in maintaining cell volume and energy homeostasis (1) (2) (3) . Like other members of the TRP channel superfamily, TRPV4 is a tetramer with the four subunits assembled in 4-fold symmetry surrounding a central ion permeation pore (4, 5) . Each subunit contains six transmembrane segments (TM1-TM6) 3 with a pore-forming loop between TM5 and TM6 and both the N and C termini are located on the intracellular side (5, 6) . Members of the TRPV subfamily share conserved structural elements, such as the N-terminal ankyrin repeat domain (ARD) and the C-terminal TRP-like box immediately after TM6 (5, 7, 8) . The cryo-electron microscopy structure of TRPV4 at 3.5 nm resolution resembles a "hanging basket," with approximately 70% of the total volume being underneath the plasma membrane (9) , indicating a role of the predominant intracellular portion of the channel in interacting with cytoplasmic proteins and modulating channel function. Consistent with the structural features, genetic analysis revealed that most naturally occurring TRPV4 mutations that lead to human diseases, such as metatropic dysplasia, are located in the cytoplasmic domains (10 -12) . Although it is known that many of these mutations lead to increased channel activity (10) , no treatment to correct the overactive phenotype is currently available. Therefore, understanding how the mutation-prone cytoplasmic domains contribute to TRPV4 structural and functional properties has important implications for both fundamental understanding of physiology and pharmaceutical practice.
Among the homologous heat-sensitive TRPV1-4 channels, TRPV4 stands unique in that its major physiological function appears to be sensing physical stress, such as hypotonicity-induced cell swelling (2, 3, (13) (14) (15) (16) (17) . TRPV4 is also uniquely sensi-tive to a variety of chemical stimuli, including endocannabinoids, arachidonic acid metabolites, phorbol ester 4␣-phorbol 12,13-dicaprinate, and synthetic compound GSK1016790A (18 -21) . TRPV4 is ubiquitously expressed in tissues, where its abundance at the cell surface is critical for regulating intracellular calcium signaling, temperature sensing, and osmo-and mechano-transduction as well as maintenance of cell volume and energy homeostasis (1, (22) (23) (24) . Hence, the contribution of TRPV4 to its host cell physiology can be regulated and disturbed in human diseases through both the expression level and activity level (25) (26) (27) (28) .
The abundance of TRPV4 in cell surface depends on a complex series of events, from protein synthesis and proper folding in the endoplasmic reticulum (ER) to co-and post-translational modification, such as glycosylation and subunit assembly, before trafficking and targeting to the membrane surface as well as protein degradation (29) . Maturation of TRP proteins requires ER-to-Golgi transport, characterized by transition from the N-linked high mannose glycosylation in the ER to the complex glycosylation in the Golgi apparatus (29) . Dysfunctional TRP channels that fail to fold or assemble properly in the ER are usually characterized by a lack of complex glycosylation (29 -32) . The intracellular C-terminal region of TRPV4 has been shown to interact with various structural or modulatory proteins that regulate channel activity and surface expression, including MAP7, actin/tubulin, inositol trisphosphate receptor, TRPP2, and calmodulin (33) (34) (35) (36) (37) . Fluorescence resonance energy transfer (FRET) and confocal imaging studies have attributed to the TRPV4 C terminus an important role in channel subunit oligomerization and trafficking (38, 39) . However, despite the importance of TRPV4 in normal physiology and human genetic diseases, information regarding the underlying molecular mechanisms for TRPV4 trafficking and maturation as well as the role of the C terminus in these processes remains scarce.
In this study, we identified a novel segment comprising 20 amino acids in the distal C terminus of mouse TRPV4 (residues 838 -857) that is critical for mediating protein folding and trafficking. TRPV4 channels lacking these residues remain misfolded and fail to reach the Golgi apparatus for complex glycosylation and maturation, and they are subjected to degradation through the ERAD-dependent pathway. Thus, we propose that selective disruption or inhibition of TRPV4 function by targeting this region may present therapeutic potentials for overactive TRPV4-mediated pathology, such as pain and skeletal dysplasias (23, 26, 40, 41) .
EXPERIMENTAL PROCEDURES
Molecular Biology-The cDNAs of wild type (WT) mouse TRPV4 and its mutant forms were constructed by LA Taq (TAKARA) and inserted into either the vector pCDNA3.1(ϩ) with three tandem-repeated FLAG epitopes (DYKDDDDK) at the N terminus for Western blot analysis or the vector pEG-FPC2 (Clontech) for fluorescence microscopy. To facilitate functional tests, mutations were generated in the mutant TRPV4 background containing double mutations (N456H and W737R; named TRPV4dm) because these two mutations conferred 2-aminoethoxydiphenyl borate (2-APB) sensitivity. All restriction enzymes were purchased either from Invitrogen or Takara, and inserts of all cDNA clones were verified by sequencing.
Cycloheximide Treatment and Western Blotting Assay-For cycloheximide treatment, transiently transfected HEK293 cells were treated with cycloheximide for multiple time periods (as indicated in Fig. 3 ) and analyzed by Western blot. For Western blot assay, HEK293 cells were lysed in 100 l of ice-cold lysis buffer Nonidet P-40 (50 mM Tris-HCl, 150 mM NaCl, 1% Nonidet P-40, 5 mM EDTA, pH 7.4) supplemented with protease inhibitor mixture (Roche Applied Science) for 30 min on ice. Cell lysates were then centrifuged at 4°C for 20 min at 14,000 ϫ g. Supernatants were loaded with 5ϫ SDS-PAGE sample buffer, separated by SDS-PAGE, and transferred onto nitrocellulose membranes (Millipore). After blocking with the buffer of 5% powdered nonfat milk in TBS-T (Tris-buffered saline with 0.05% Tween 20), the membranes were incubated overnight at 4°C with primary antibody (1:5000 for anti-FLAG from Sigma; 1:500 for anti-actin from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA)), and immunoreactive bands were visualized by using the Immobilon Western HRP substrate (Millipore).
Confocal Fluorescence Microscopy-HEK293 cells were grown on coverslips at 37°C under 5% CO 2 in DMEM supplemented with 10% fetal bovine serum. All transfections by cDNA constructs were made using Lipofectamine 2000 (Invitrogen), following the manufacturer's instructions. For confocal imaging, HEK293 cells were transfected with EGFP-tagged constructs. For localization in the ER, HEK293 cells were co-transfected with TRPV4dm-EGFP or mutant-EGFP and DsRed2-ER (Clontech). One day after transfection, HEK293 cells were washed three times in phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde in PBS for 15 min before being washed in PBS three times. Images were acquired using a confocal microscope (FV1000, Olympus).
Cell Surface Biotinylation Assay-Confluent monolayer HEK293 cells transfected with FLAG-TRPV4dm or FLAGTRPV4dm⌬838 -857 were washed three times with ice-cold Ca 2ϩ /Mg 2ϩ -PBS. Cells were biotinylated with 0.5 mg/ml sulfosuccinimidyl 2-(biotinamido)-ethyl-1,3-dithiopropionate (Pierce) in Ca 2ϩ /Mg 2ϩ -PBS at pH 7.4 and 4°C for 30 min. The remaining biotin was quenched by incubating the cells for an additional 10 min with 100 mM glycine in TBS. Cells were then washed with PBS and lysed in ice-cold lysis buffer Nonidet P-40 with protease inhibitor mixture at 4°C for 30 min and centrifuged at 14,000 ϫ g for 10 min. One fraction of the cell lysate containing about 200 g of proteins was incubated with 20 l of neutravidin beads (Pierce) at 4°C for 4 h, and the other fraction was prepared as total protein. After incubation, the beads carrying surface proteins were washed with buffer Nonidet P-40 and eluted with loading buffer. The total and surface proteins were both loaded onto 8% SDS-PAGE and assayed by Western blotting.
Endoglycosidase H and Peptide:N-Glycosidase F Digestion-20 g of total proteins from HEK293 expressing FLAGTRPV4dm or FLAG-TRPV4dm⌬838 -857 were boiled for 10 min in the presence of 40 mM DTT and 0.5% SDS. Digestion was performed in a total volume of 30 l with 2 l (1000 units) of endoglycosidase H or peptide:N-glycosidase F (New England Biolabs) at 37°C for 2 h. Reactions were stopped by the addition of SDS-PAGE sample buffer and analyzed by Western blotting with anti-FLAG antibody as described above.
Electrophysiology-For whole-cell recording, patch pipettes were pulled from borosilicate glass and fire-polished to a resistance of ϳ2 megaohms. The recording pipette was filled with an internal solution containing 140 mM cesium aspartate, 3.5 mM NaCl, 0.3 mM CaCl 2 , 0.3 mM Na 2 GTP, 0.5 mM EGTA, 10 mM HEPES, 4 mM Mg-ATP (pH 7.3, adjusted with CsOH). Cells were initially perfused with a solution containing 110 mM NaCl, 1 mM MgCl 2 ,1 mM CaCl 2 , 10 mM glucose, 10 mM HEPES (pH 7.3, adjusted with NaOH). Whole-cell currents were recorded using a HEKA EPC10 amplifier with PatchMaster software (HEKA). Membrane potential was held at 0 mV unless stated otherwise. During whole-cell recording, the capacity current was minimized by the amplifier circuitry, and the series resistance was compensated by 80%. The voltage ramp protocol was initiated by a voltage step to Ϫ100 mV for 10 ms, followed by a 400-ms ramp from Ϫ100 to 100 mV. The current was low passfiltered at 2Hz and sampled at a 20-kHz rate.
Intracellular Calcium Measurement-Changes in intracellular calcium level ([Ca 2ϩ ] i ) in a population of cells were measured by fluorescent calcium-sensitive dyes in the Calcium 5 Assay Kit using a FlexStation 3 Microplate Reader (Molecular Devices). HEK293 cells were seeded at a density of ϳ30,000 cells/well in 96-well black-walled plates (Thermo) covered with poly-D-lysine. Cells were transfected with TRPV4dm or deletion mutants and grown overnight at either 37 or 30°C. Cells were loaded with the FLIPR Calcium 5 Assay Kit for 1 h at 37 or 30°C in the presence of 2.5 mM probenecid. Loading and imaging were performed in Hanks' balanced salt solution (137 mM NaCl, 5.4 mM KCl, 0.4 mM KH 2 PO 4 , 0.1 mM Na 2 HPO 4 , 1.3 mM CaCl 2 , 0.8 mM MgSO 4 , 5.5 mM glucose, 4 mM NaHCO 3 , 20 mM HEPES, pH 7.4). Fluorescence intensity at 525 nm was measured at an interval of 1.6 s, using an excitation wavelength of 485 nm and emission cut-off wavelength of 515 nm. 5ϫ agonist 2-APB (0.5 mM) or GSK1016790A (0.5 M) was added into cell plates at 17 s, and [Ca 2ϩ ] i was measured at 140 s. Structural Modeling-The Rosetta de novo modeling method (42) was applied to predict the three-dimensional structure of TRPV4 C terminus residues 838 -857. This method has previously been reviewed in detail (43) . Briefly, from the Protein Data Bank database, a library of 200 3-and 9-residue fragments was constructed at each of the 20 residues of the target protein. These fragments were then assembled to form the target protein based on the Monte Carlo simulated annealing algorithm. During this process, Rosetta energy functions were used to evaluate the energy of fragment assembly conformations, so at the end of each simulated annealing trajectory, one decoy with the lowest energy was generated. With the Ephiphany high performance computing cluster at the University of California (Davis, CA), 10,000 such decoys were calculated. These decoys were further clustered with a radius of 2 Å. The decoy from the top five largest clusters with the lowest energy was picked as the final model of the target protein.
Statistics-All data are expressed as mean Ϯ S.E. Statistical significance was assessed by Student's t test using Prism version 5.0 software. A value of p Ͻ 0.05 was considered to represent statistical significance.
RESULTS

Identification of a TRPV4 C-terminal Segment Critical for
Channel Function-To analyze the role of the C terminus in regulating TRPV4 channel function, we started by generating three progressive deletions (⌬858 -871, ⌬838 -871, and ⌬818 -871) in which the distal C-terminal 14, 34, and 54 residues, respectively, were removed (Fig. 1A) . Expression of each construct in HEK293 cells was analyzed by Western blot. As shown in Fig. 1B , both wild-type TRPV4 and the mutant with the shortest deletion, TRPV4⌬858 -871, showed robust expression with double bands, of which the upper band (slower migration) is typical for proteins in the complex-glycosylated form (29) . In contrast, the other two deletion mutants, TRPV4⌬838 -871 and TRPV4⌬818 -871, showed only one band of the faster migration proteins (Fig. 1B) , indicating that these two C-terminal deletion mutants did not reach the Golgi for further modification and maturation and hence were trapped in the ER.
To assess the function of the three deletion mutants, we introduced double mutations (N456H and W737R; named TRPV4dm) that rendered TRPV4 sensitive to 2-APB (44), a potent agonist for TRPV1, TRPV2, and TRPV3 but not the wild-type TRPV4 (45) . Whole-cell patch clamp recordings confirmed that robust currents from TRPV4dm-expressing cells were observed in the presence of 300 M 2-APB as well as 0.1 M TRPV4 specific agonist GSK1016790A, whereas wild-type TRPV4 was activated only by GSK1016790A and not 2-APB (21) (Fig. 1C) . The 2-APB-induced current exhibited similar outward rectification as the GSK1016790A-induced current but declined rapidly due to desensitization (see also Fig. 1E ). Currents from both wild-type and TRPV4dm could be completely blocked by application of 130 mM Ba 2ϩ , which also blocks TRPV1 current (46) (Fig. 1C) . These results confirmed that the TRPV4dm channel was fully functional.
To test functional expression of the deletion mutants, we first utilized a FlexStation microplate reader to detect the intracellular calcium level. We found that cells expressing either TRPV4dm or TRPV4dm⌬858 -871 channels yielded a robust calcium influx signal in the presence of 2-APB (100 M) (Fig.  1D) . In contrast, cells expressing TRPV4dm⌬838 -871 or TRPV4dm⌬818 -871 did not respond to application of 2-APB, suggesting that residues 838 -857 are critical for TRPV4 function. Whole-cell current recordings confirmed that indeed deletion of residues 838 -857 in the TRPV4dm background (TRPV4dm⌬838 -857) rendered the channel completely irresponsive to 2-APB up to 300 M (Fig. 1F) . These results indicate that the C-terminal residues 838 -857 of TRPV4 are essential for channel function.
Deletion of Residues 838 -857 Causes ER Retention of Channel Proteins-We next investigated how deletion of residues 838 -857 eliminates channel current. To examine the role of residues 838 -857 in channel trafficking, we tested surface expression of TRPV4dm⌬838 -857 using confocal fluorescence microscopy and surface labeling by biotinylation. Confocal images of HEK293 cells co-transfected with TRPV4dm-EGFP and an ER marker (DsRed2-ER) showed robust surface expression of TRPV4dm-EGFP, as indicated by strong green fluorescence signals at the cell perimeter that did not overlap with the red fluorescence signals from DsRed2-ER ( Fig. 2A) . In contrast, cells co-transfected with TRPV4dm⌬838 -857-EGFP and DsRed2-ER showed co-localization of the two protein constructs, indicating that TRPV4dm⌬838 -857 proteins are trapped in the ER (Fig. 2A) . To quantify the relative levels of surface expression, we used biotin to label TRPV4dm or TRPV4dm⌬838 -857 proteins on the cell surface, followed by Western blot analysis. Biotin labeling showed expression of TRPV4dm channel proteins with the typical two bands, of which the slower migrating band probably resulted from glycosylation. In contrast, the expression of both total and surface TRPV4dm⌬838 -857 mutant channels was significantly reduced, with a disappearance of the slower migrating upper band (Fig. 2B) . The result shows that TRPV4dm⌬838 -857 channels were not glycosylated, probably due to trapping in the ER, indicating that this may be the reason for the low total protein yield.
To confirm that the upper band proteins indeed resulted from complex glycosylation, we utilized two types of enzyme glycosidase treatments: endoglycosidase H that cleaves Nlinked high mannose-rich oligosaccharides and peptide:N-glycosidase F that cleaves both N-linked high mannose-rich oligosaccharides and complex oligosaccharides. As shown in Fig. 2C , treatment with peptide:N-glycosidase F, but not endoglycosidase H, resulted in disappearance of the slower migrating band for TRPV4dm proteins. TRPV4dm⌬838 -857 proteins showed only the faster migrating band, indicating that they were not complex-glycosylated. These results suggest that dysfunctional TRPV4dm⌬838 -857 is probably misfolded and retained in the ER.
Accelerated Degradation of TRPV4dm⌬838 -857 Mediated by the Proteasomal Pathway-The lack of complex glycosylation suggests that TRPV4dm⌬838 -857 channel proteins are trapped in the ER and hence unable to reach Golgi for maturation. To investigate whether TRPV4dm⌬838 -857 channels were subject to accelerated degradation, we treated HEK293 cells expressing TRPV4dm or TRPV4dm⌬838 -857 with the protein synthesis blocker cycloheximide (CHX) for 8 h and evaluated protein degradation by Western blot (Fig. 3A) . The half-life of TRPV4dm⌬838 -857 was about 4 h, as compared with TRPV4dm with a half-life of more than 8 h (Fig. 3B) . To further determine whether degradation of TRPV4dm⌬838 -857 proteins was mediated by the proteasome or lysosome pathway, the proteasome pathway inhibitor MG132 and the lysosome pathway inhibitor chloroquine were used. As a control, TRPV4dm-expressing cells were treated with CHX and simultaneously added with either MG132 or chloroquine. TRPV4dm showed no significant difference in the rate of protein degradation (Fig. 3C) . In contrast, the degradation of TRPV4dm⌬838 -857 mutant proteins was significantly reversed by MG132, which inhibits the proteasome pathway, but not by chloroquine (Fig. 3D) . Our results are consistent with TRPV4dm⌬838 -857 mutant proteins being primarily degraded by the proteasome-mediated ERAD pathway.
Identification of Two Residues, Gly 849 and Pro
851
, Critical for Producing Functional Channels-In order to better understand how residues 838 -857 affect protein maturation, we modeled the structure of this short cytoplasmic segment using the Rosetta method, which has been successful in modeling multisubunit channel protein complexes (42, 43) , including the TRPV1 channel pore-forming region (47) . The de novo structural model of residues 838 -857 is shown in Fig. 4A . There is a well defined ␣-helix between Val 843 and Leu 848 , followed by a sharp turn at Gly 849 -Asn 850 . A shorter ␣-helix, consisting of Pro 851 -Cys 853 , was predicted at the distal part. The structure for the rest of the segment appeared to be less defined. Sequence alignments of TRPV4 channels from different species (Fig. 4B ) revealed that most of the amino acids in the long and short ␣-helices are well conserved. Similarly, the two residues defining the turn, Gly 849 and Pro 851 , both characteristic amino acids in terminating an ␣-helical region, are conserved. Sequence conservation through evolution at these key positions would contribute to preservation of the overall helixturn-helix feature of this structural segment, indicating that maintaining the native structure at residues 838 -857 is crucial.
To test whether an intact structure of residues 838 -857 is required, we generated serial deletion mutants. As shown in Fig. 4C , deletion mutant TRPV4dm⌬847-857 resulted in the complete disappearance of complex glycosylation, whereas the mutant with a shorter deletion, TRPV4dm⌬852-857, exhibited some complex glycosylation. This result indicates that the five amino acids, residues 847-851, are critical for complex glycosylation. Indeed, deleting just these five amino acids eliminated the slower migrating band (Fig. 4C , TRPV4dm⌬847-851). Simultaneously mutating the two conserved residues Gly 849 and Pro 851 to an alanine was sufficient to ablate complex glycosylation, whereas single-point mutation N850A was ineffective (Fig. 4C) . These results are consistent with the helixturn-helix structure, confirming that the structural integrity of residues 838 -857 is required for producing functional channels.
To further confirm the results described above, we measured calcium influx from cells expressing these mutants. The result showed that both TRPV4dm⌬852-857 and the point mutation TRPV4dmN850A that retained complex glycosylation re- sponded to 2-APB treatment (100 M) with a robust calcium influx signal similar to that seen in TRPV4dm-expressing cells (Fig. 4D) . In contrast, the complex glycosylation-deficient mutants TRPV4dm⌬847-857, TRPV4dm⌬847-851, and TRPV4dmG849A/P851A were all irresponsive to 2-APB treatment. These results are consistent with results from the protein maturation experiments, suggesting that mutant channels lacking complex glycosylation are not folded properly, thus leading to channel dysfunction.
Functional Rescue of TRPV4 G849A/P851A Mutant by Lowering Temperature-To test the hypothesis that the lack of complex glycosylation and dysfunction of the deletion mutants were caused by protein misfolding, we tested whether lowering temperature could rescue mutant channel function (48, 49) . HEK293 cells transfected with either TRPV4dm or TRPV4dmG849A/P851A were incubated at 30°C for 24 -48 h before Western blot analysis. As shown in Fig. 5A , lowering the incubation temperature from 37 to FIGURE 2. Deletion of residues 838 -857 causes ER retention of channel proteins. A, confocal imaging of HEK293 cells co-transfected with either TRPV4dm-EGFP or TRPV4dm⌬838 -857-EGFP (left panels, green) and an ER marker, DsRed2-ER (middle panels, red) and after merge (right panels). Scale bar, 10 m. B, total and surface expression of TRPV4dm or TRPV4dm⌬838 -857 proteins in transiently transfected HEK293 cells were assessed by biotinylation. In the lower panels, total FLAG-tagged TRPV4dm or TRPV4dm⌬838 -857 proteins over actin (left) and surface proteins over actin (right) were normalized to that of TRPV4dm over actin. Data are expressed as the mean Ϯ S.E. (error bars) (n ϭ 4; *, p Ͻ 0.05; **, p Ͻ 0.01). C, glycosylation analysis of TRPV4dm and TRPV4dm⌬838 -857 by Western blot. Total proteins (ϳ60 g) from transiently transfected HEK293 cells were divided into three portions and treated with enzyme endoglycosidase H (Endo H) or peptide:N-glycosidase F (PNGase F) or untreated (Ϫ).
30°C indeed resulted in partial recovery of complex glycosylation for TRPV4dmG849A/P851A.
To test whether channel function was also rescued by lowering the temperature, we recorded both calcium signal and channel current from cells transfected with TRPV4dmG849A/ P851A and incubated at 30°C. In the calcium influx assay, these cells gave rise to a large calcium influx signal in response to 2-APB, whereas cells expressing the vector control yielded a minor change in fluorescence intensity (Fig. 5B) . Whole-cell current recordings further demonstrated that in the presence of 2-APB, the current of TRPV4dmG849A/P851A was partially rescued by low temperature at 30°C, as compared with a temperature of 37°C (Fig. 5, C and D) . To further confirm that the two residues Gly 849 and Pro 851 are critical for proper folding, we generated a double mutant, TRPV4G849A/P851A, in the wild typeTRPV4 background that is insensitive to 2-APB but sensitive to GSK1016790A. As shown in Fig. 5, E and F, when lowering the temperature from 37 to 30°C, TRPV4G849A/P851A 2, 4, or 8 h) . B, the half-life of TRPV4dm degradation was more than 8 h, and the half-life of TRPV4dm⌬838 -857 was about 4 h. Data are expressed as the mean Ϯ S.E. (error bars) (n ϭ 3; **, p Ͻ 0.01). C, Western blotting analysis of TRPV4dm in HEK293 cells treated with CHX (75 g/ml) and chloroquine (CQ; 50 M) or MG132 (20 g/ml). Samples were loaded in the following order: control without any treatment, DMSO treatment for 8 h, CHX for 8 h, CHX with chloroquine for 8 h, and CHX with MG132 for 8 h. Data were normalized to that of control without any treatment and expressed as the mean Ϯ S.E. (n ϭ 3). n.s., no significance. D, degradation of TRPV4dm⌬838 -857 mutant proteins was significantly reversed by MG132 but not by chloroquine. Data were normalized to that of control without any treatment and expressed as the mean Ϯ S.E. (n ϭ 3; *, p Ͻ 0.05; n.s., no significance). channels gave rise to a robust increase of the calcium level signal upon application of GSK1016790A, demonstrating the rescue of TRPV4G849A/P851A channel function. These results are consistent with the structural model of residues 838 -857, indicating that the two residues Gly 849 and Pro 851 are critical for channel proper folding.
The Segment of Residues 838 -857 Mediates C-terminal
Interactions-The data above demonstrate that the C terminus plays a critical role in channel folding and maturation. It has been suggested that interactions between intracellular domains mediate TRPV4 channel assembly and trafficking (38) . To test whether residues 838 -857 participate in interdomain interactions, we used confocal imaging in combination with membrane-tethered peptide Gap43 (growth-associated protein 43), a cytoplasmic protein attached to the membrane by palmitoylation (50) . As a positive control, expression of Gap43-tagged EGFP showed membrane-localized fluorescence in HEK293 cells, as compared with the dispersed expression pattern of free EGFP proteins (Fig. 6A) , confirming that Gap43 was successfully tethered to the membrane. With this tool, we could detect interactions between isolated N-and/or C-terminal domains because Gap43 would bring the interacting complex to the plasma membrane, as illustrated in Fig. 6B (top) . We observed that, whereas the TRPV4 C terminus tagged with EGFP (CT-EGFP) alone showed a diffused distribution pattern, the membrane-tethered Gap43-CT was capable of tethering the CT-EGFP proteins to the cell surface (Fig. 6B, first row) , indicating that the TRPV4 C terminus can form homomeric interactions. A similar conclusion was reached previously using a cell-free pull-down assay (51) . Consistent with results from that study, Gap43-ARD failed to redistribute ARD-EGFP, indicating a lack of interaction between the N termini (Fig. 6B, second row) . A Western blot assay further showed that the N-terminal ARD ran only as monomers, as compared with monomers, dimers, and tetramers for the C terminus (Fig. 6C) . Interestingly, co-expressing membrane-tethered Gap43-ARD with CT-EGFP resulted in redistribution of fluorescent CT-EGFP to the surface. Similarly, co-expression of membrane-tethered Gap43-CT with ARD-EGFP also caused ARD-EGFP targeting to the cell surface (Fig. 6B, bottom row) . These results, obtained in live cells, are different from results derived from previous pull-down assays (51) , indicating that in the cytosolic environment, the N-terminal ARD and the C terminus can form interdomain complexes.
To assess the role of residues 838 -857 in mediating C-terminal homomeric interaction, we made a series of deletions within the C terminus (Fig. 6D, top) . We used Western blot under non-reducing conditions to detect homodimeric interaction between the deletion mutants. The CT, as a positive control, showed clear dimer formation. Although truncation of the C-terminal residues 838 -857 led to a loss of dimer formation, other deletion mutants retained the ability to form dimers (Fig. 6D, bottom) . Consistent with the in-solution experiments, tests in live cells showed that the Gap43-tagged C terminus without residues 838 -857 (Gap43 CT⌬838 -857) could not alter the distribution of the EGFP-tagged C terminus (Fig. 6E) . These data suggest that residues 838 -857 play a crucial role in mediating oligomerization between the C termini of TRPV4.
DISCUSSION
In the present study, our objective was to elucidate the role of the TRPV4 C terminus in regulating channel activity because mutations in intracellular regions are known to cause human diseases as a result of altered channel activity. Using a combination of biochemical approaches, confocal imaging, calcium influx assay, and electrophysiology, we identified a novel narrow region in the C terminus of TRPV4 whose disruption ablates channel activity. We propose that the lack of channel activity is due to mutational effects on protein folding. Misfolded mutant proteins are trapped in the ER and fail to reach Golgi, where complex glycosylation takes place, for maturation, thus leading to accelerated ER-associated degradation through the proteasomal pathway. This conclusion was based on multiple lines of experimental evidence. First, serial C-terminal deletions revealed a critical segment consisting of residues 838 -857. By introducing the 2-APB activation site to the otherwise insensitive TRPV4, we were able to demonstrate with both calcium imaging and whole-cell patch clamp recordings that TRPV4dm⌬838 -857 is not functional. Second, results from confocal imaging and surface labeling indicated that the majority of TRPV4dm⌬838 -857 proteins were trapped in the ER, which led to accelerated degradation of the mutant proteins through the proteasomal ERAD pathway. Third, structural analysis suggested that residues 838 -857 probably adopt a helix-turn-helix conformation. Point mutations of Gly 849 and Pro 851 at the turn are expected to destabilize or even disrupt this conformation. Indeed, point mutations G849A/P851A exhibited a similar effect on trafficking and protein maturation as the deletion mutation ⌬838 -857. Furthermore, lowering the incubation temperature from 37 to 30°C can significantly increase the channel complex glycosylation and 2-APB-induced calcium influx for TRPV4dmG849A/P851A. Therefore, we propose that C-terminal residues 838 -857 of TRPV4 function as a folding recognition domain. Native conformation of this domain ensures channel protein maturation and surface targeting, whereas misfolding of this domain hinders protein maturation. Although a small fraction of improperly processed channel proteins may escape the normal ER-Golgi-surface membrane pathway and target to the plasma membrane through a Golgi-independent pathway (52), results from the present study indicate that they cannot form functional channels. Destabilization of the folding recognition domain through mutations or pharmacological intervention thus would be expected to counter the overactive phenotype seen in skeletal dysplasias caused by TRPV4 genetic mutations.
Residues Gly 849 and Pro 851 within the proposed folding recognition domain of TRPV4 are well conserved among homeothermic (warm blood) species. Alanine substitutions of only these two residues exert similar effects, seen by more severe deletion mutations of this domain, whereas a single-point mutation, N850A, has no undetectable effect on channel function. The Rosetta-based structure model, although tentative due to the nature of de novo structure prediction, provides hints on how this may come about. We propose that mutational effects are probably results of disruption of the conformation of this region required for the normal protein maturation process. Rescue of TRPV4 G849A/P851A channel function by lowering incubation temperature is fully consistent with this hypothesis, indicating that misfolding is probably the cause for ER retention and loss of function, as previously documented in other misfolding proteins (30, 48, 49) . Given that segment deletions within a broad neighboring region of the C terminus were tolerable, results from the present study are best explained by a working model assuming that the region around residues of Gly 849 and Pro 851 is essential for correct folding of the TRPV4 channel.
The cytosolic C terminus of TRPV4 harbors many binding sites for various interacting proteins and factors, such as F-actin, tubulin, MAP7, inositol trisphosphate receptor, and calmodulin, that are relevant to regulation of subunit assembly, trafficking to the plasma membrane, and channel activity (33, 34, 36, 37) . It is of interest to note that the proposed C-terminal folding recognition domain turns out to overlap with the calmodulin-binding site previously shown to induce conformational changes and Ca 2ϩ -dependent potentiation of TRPV4 (36, 53) . Calmodulin binding to the C terminus, in response to rises in intracellular Ca 2ϩ following extensive channel activity, displaces its interaction with an N-terminal domain (residues 117-136) of the same subunit (54). Our results from live cell confocal fluorescence imaging of membrane-tethered Gap43 show that the N-terminal ARD (residues 149 -394) of TRPV4 can also interact with the C terminus. In addition, intersubunit interactions can be mediated by homodimeric formation between C termini. Therefore, the proposed folding recognition domain may play a crucial role in both channel protein maturation and dynamic regulation of channel activity.
Glycosylation characterizes the maturation process of TRPV4 proteins, from the N-linked high mannose glycosylation form in the ER to the complex glycosylation form in the Golgi apparatus, before targeting to the cell surface membrane, where they carry out their transmembrane ion transport function. The absence of complex glycosylation is manifested by the deletion of residues 838 -857, indicating that mutant channels are trapped in the ER and fail to reach the Golgi apparatus.
Misfolded TRPV4 proteins are probably retained by the ER-associated proteins, such as OS-9 (55); alternatively, "cargo receptors" present at the ER exit sites may fail to recognize misfolded TRPV4⌬838 -857 (56) . A previous study demonstrated that deletion of C-terminal residues 828 -856 inhibits TRPV4 trafficking and causes ER retention (38) . Our present study confirms the earlier report and provides a mechanistic framework for understanding the mutational effects and channel function. Interestingly, we demonstrate that, although mutations to the proposed folding recognition domain prevented protein complex glycosylation, some of the mutant proteins could still reach the surface membrane (e.g. see Fig. 2B ); these unprocessed proteins are unable to form functional channels, however, as demonstrated by calcium imaging and patch clamping recordings. Similarly, it is observed that channels with a deletion of residues 828 -856 could be exported upon coexpression with full-length TRPV4 (38) . Observations of dimer and tetramer formation of deletion mutants (e.g. see Fig. 4C ) imply that other parts of the channel protein also participate in mediating subunit-subunit interactions. Indeed, TRPV4 subunits engage in extensive protein-protein interactions over a large surface area within both the membrane-spanning region and cytoplasmic domains (39) . Details of these interactions remain to be investigated.
In conclusion, our results provide evidence that the C terminus of TRPV4 is critical for the formation of functional channels. Deletions and mutations of residues 838 -837 in the C terminus result in channel proteins being trapped in the ER and become dysfunctional. Our data suggest that targeting the proposed C-terminal folding recognition domain by pharmacological intervention may achieve selective down-regulation of TRPV4 channel activity for therapeutic purposes to treat overactive TRPV4-mediated diseases, such as pain and skeletal dysplasias (23, 26, 57) .
